Abstract: In order to remain competitive with other data storage technologies, the tape industry is planning to significantly increase track densities on tape. Higher track densities require narrower track pitch and more precise positioning of the read/write heads. Hence, improved track-following servo systems for the head assembly are needed. Longitudinal transport of the tape along the tape path is subject to lateral disturbances that cause displacement between the head and the desired track and hence increase position error. This paper proposes a combined feedforward/feedback control scheme to improve the track-following performance of the tape head positioning system in the presence of lateral tape motion (LTM). In this architecture, the feedback controller is designed to guarantee system stability and take into account the lower frequency components in the disturbances. The feedforward controller requires as its input a prediction of the lateral tape motion displacement (LTMD) at the head assembly. We propose a least squares based algorithm to predict the LTMD at the head from a history of upstream and downstream LTMD measurements. Compared to using feedback-only control, the combined feedforward/feedback controller enables the head assembly to be positioned more accurately over the desired track.
INTRODUCTION
Tape storage is currently the least expensive solution for backing up large amounts of data. Furthermore, it consumes less energy than hard disk drive technologies. To retain a competitive storage capacity compared with other data storage technologies, the tape industry is planning to increase areal storage capacity and data transfer rates. Increasing track density on tape has been identified as a critical step to achieve higher areal densities. Track density is the number of data tracks per inch (TPI) laterally across the width of the tape. The current track densities in contemporary half-inch wide tape are about 3000 TPI. An industry roadmap [INSIC Roadmap (2008) ] projects that tape track densities must reach 24 KTPI by 2018. As the TPI increases, the track pitch becomes narrower, and more precise positioning of the read/write heads is needed. This requires further reduction of the position error between the head assembly and the desired track.
When the tape transports, it tends to vibrate in the lateral direction (perpendicular to the transport direction). Lateral tape motion (LTM) can misalign the head and the desired track and increase position error. A review of measurements and sources of LTM is given in [Raeymaekers and Talke (2009) ]. The typical peak-to-peak amplitude of measured LTM in an operating tape drive is about 10 µm [Kartik (2006) ].
There are two approaches to reduce position error arising from lateral tape motion. The first approach tries to reduce the LTM from the source by applying more advanced guiding in the tape path. The use of externally-pressurized porous air bearing guides and friction guiding are discussed in [Kartik (2006) ]. In [Xia and Messner (2010) ], the authors describe an active steering system that compensates the lateral tape motion by tilting the guides. These approaches require installation of additional hardware in the tape drive and often change the tape transport path.
The second approach aims to reduce the effects of the LTM on the position error by improving the track-following performance of the head servo mechanism. Existing tape head positioning servo systems typically use proportional-integralderivative (PID) feedback controllers, and the higher-frequency components in the LTM are beyond the bandwidth of typical closed-loop systems. A robust estimation and adaptive controller tuning (REACT) compensator that increases the bandwidth of the closed-loop tape head positioning servo system is developed in [de Callafon and Kinney (2010) ]. In the REACT controller, the basic PID controller is augmented with an additional feedback loop that is tuned to minimize the output error. This paper proposes to apply a feedforward controller in combination with the REACT feedback controller to further reduce the position error caused by the LTM. In this architecture (Fig. 1) , the feedback controller is designed to guarantee system stability and address lower frequency components in the position error. The feedforward controller requires a prediction of the lateral tape motion displacement (LTMD) at the head in order to generate a feedforward input u ff to the tape head that ideally would cancel the position error caused by the LTM. The main contributions of this paper include a) the development of a LTMD predictor that provides predicted LTMD to the feedforward controller; and b) the comparison of different feedforward controllers developed for this application.
The rest of this paper is organized as follows. In Section 2, we first introduce the model of a typical tape head track-following The synthesized LTMD data used in this study consists of a total of 20 different sinusoidal components, i.e., J = 20. The length of the tape path is 0.4 m, and the head is at the middle of the path, i.e., x h =0.2 m. The distance between the head and the upstream and downstream edge sensors is set to be 0.003 m, which is approximately the closest distance that photonic edge sensors can be placed next to the tape head. The tape longitudinal velocity v is 5 m/sec. The frequencies of the components are randomly chosen between 5Hz and 1 KHz and the magnitudes are randomly picked between 0.05 and 1.
The performance of the prediction algorithm (Equation (3) Generally speaking, larger M and k p yield better prediction of the LTMD at the head. In this simulation, the NRMS of the prediction error is on the order of 10 −7 when M = 500, k p = 10, and N = 10.
Actual LTMD Data. The actual LTMD data set includes upstream and downstream LTMDs measured by photonic edge sensors placed near the head of an actual tape system. The purple line in the top plot of Fig. 6 is w u and the blue line in the bottom plot depicts the downstream LTMD w d . The LTMD at the head, however, is not available for the tape drive under investigation because there is not enough room to place an edge sensor at the head. Due to the proprietary nature of the data, its magnitude is normalized so as not to divulge the actual LTMD measurements. Results of spectrum analysis on the LTMD data set show that w u and w d contain the same frequency components.
Since the LTMD at the head of the tape drive under investigation can not be measured at this time, the M samples of w h required to solve the coefficient vector a * ud are not available. To demonstrate the performance of the prediction algorithm, we evaluate the algorithm on actual LTMD measurements by predicting the downstream LTMDŵ d from the upstream LTMD w u data. M samples of the available w d data is used to solve for the correlation function Φ ud (·) forŵ d in a similar way as discussed in Section 3.1, using w u only as the data vector. The prediction error w ed is then computed based on the differences between the estimatedŵ d and actual w d data. The NRMS of the prediction error is on the order of 10 −2 . As seen before, larger M and k p generally lead to better prediction. Considering computational efficiency, the combination of M = 300 and k p = 30 yields a reasonably good predictedŵ d . When N equals 10, the NRMS is about 0.056. Fixing the values of M and k p , the prediction error increases as N increases (Fig. 8) . Note that the distance between the head and the upstream location is shorter than that between the upstream and downstream locations. Intuitively, w h and w u should be better correlated than w d and w u . Thus, the prediction algorithm should yield at least the same performance when predicting w h from w u , if M samples of w h are available to solve for the coefficient vector.
Implementation Feasibility
There are a few concerns when implementing this algorithm on a tape drive. First, before accurate track following can occur, the least squares algorithm requires a certain length of tape to allow training data to be collected and used to determine the correlation for predicting the LTMD at the head. For the example tape system used in this study in which the sampling frequency is 10 KHz and the tape longitudinal velocity is 5 m/sec, when M = 300, k p = 30, and N = 10, the required length of tape to collect training data is about 0.15m.
Second, after collecting the training data set, the least squares problem described in Equation (4) is solved for a * ud using batch processing. The total number of floating point operations needed to solve a least squares problem
When M = 300 and k p = 30, it is about 250,000 f lops. Assuming the speed of the DSP board used in the tape drive is 250 MHz, an approximate estimate of the calculation time is about 1 ms. This requires an additional 0.005m of tape.
Finally, the closer the edge sensors are placed to the head, the better correlated the successive LTMDs are. In practice, the distance between the head and the sensor is restricted by the physical size of the components. The optimal distance also depends on the online time the algorithms need to predict w h from w u and w d measurements.
COMBINED FEEDFORWARD/FEEDBACK CONTROL
Once the prediction coefficients are determined, they are used to predictŵ h in the combined feedforward/feedback control architecture, as illustrated in Fig. 9 . Fig. 9 . Block diagram of the combined feedforward/feedback control scheme for a tape head track-following system.
The plant G represents the dynamics of the tape head trackfollowing system, as given in Equation (1). The saturation block limits the size of the input to the plant. The feedback controller C f b is designed to guarantee system stability and address lower frequency components in the position error.
The disturbances consist of two components: a) the lateral tape displacement w h at the head; and b) the sum of other noise disturbances N u . G ew and G en are the transfer functions from the two disturbances to the position error. The noise disturbances N u are highly uncorrelated and addressed by the feedback control input u f b only. The feedforward controller C ff generates a feedforward input u ff that ideally would cancel the position error caused by the lateral tape motion disturbances. The input to C ff ,ŵ h , is the prediction of the LTMD at the head.
Feedback Controller
The feedback controller used in the tape industry is usually a simple PID controller. In this study, we adopt the more advanced robust estimation and adaptive controller tuning (RE-ACT) controller [de Callafon and Kinney (2010) ] for C f b . The REACT controller C R is obtained by augmenting the basic PID controller C P ID with an additional feedback loop that can be tuned to minimize the output error, as shown in Equation (5),
Here,Ĝ is the model of the plant and Q is the tuning parameter. Theoretically, Q can be any stable transfer function. We assume the model is perfect (Ĝ = G) and design the basic PID controller to have a closed-loop crossover frequency at 500 Hz:
The tuning parameter Q is chosen to be a 7 th -order FIR filter that minimizes the system output e. The obtained REACT controller is a 14 th -order transfer function.
Feedforward Control
In the tape head track-following system (Fig. 9) , the position error e is
G ew is assumed to be a 4 th -order low-pass filter with a bandwidth at 1 KHz in this study. We aim to attenuate the position error caused by w h by designing the feedforward controller C ff to minimize the first term in Equation (6). Four different methods are investigated to develop C ff : the zero magnitude error tracking control (ZMETC) [Rigney (2008) and references therein], the zero phase error tracking control (ZPETC) [Tomizuka (1987) ], the Taylor series approximation method [Oppenheim et al. (1996) ], and the H ∞ model matching method [Doyle et al. (1992) ].
The first three methods each develop a feedforward controller C ff that includes an approximate inversionĜ −1 a of the system dynamics G. The tape head actuator dynamics (Equation (1)) contains a NMP zero at -9.52 and directly inverting the NMP zero will yield an unstable C ff . The ZMETC approach reflects the unstable zero about the unit circle and converts it to a pole in the inverse system, thereby inverting the magnitude response due to the NMP zeros. The ZPETC approach reflects the unstable zero about the unit circle so as to invert the phase shift due to the NMP zero. In this application, the performance of these two algorithms is very similar, so only simulation results for the ZMETC algorithm are presented.
The non-causal Taylor series approximates the inverted unstable pole with a non-causal, stable, Taylor series expansion. The higher the order of the series approximation, the smaller the approximation error. Balancing improvements in the approximation accuracy against the increased order of the resulting inverse filter, we choose a third-order approximation.
As an alternative to approximate model inversion, we also employ a H ∞ model matching method that minimizes the H ∞ norm of the transfer function from the LTM disturbance to the position error e. Assumingŵ h = w h , the feedforward controller then is C ff = arg min C ff G ew − GC ff .
The Matlab robust control toolbox is used to design the H ∞ feedforward controller.
Simulation Results
We implement the combined feedforward/feedback control scheme on the synthesized LTMD data. With the REACT feedback controller only, the position error is on the order of 10 −1 . Simulation results of the feedforward controller designed using the ZMETC method is shown in Fig. 10 . The feedforward controller further attenuates the position error to the order of 10 −3 . Here, the parameters in the predictor are M = 500, k p = 30, and N = 10. Feedforward controllers designed using the Taylor series approximation method and the H ∞ model matching method demonstrate similar attenuation in the position error, as shown in Table 1 . The complexity of C ff designed using these three different methods is comparable. Both ZMETC and Taylor series approximation methods yield non-causal feedforward controllers that require knowledge of the input signal ahead of time.
Since the inputŵ h to C ff is a prediction of w h , the non-causal feedforward controllers are implementable. We are currently working with our industry collaborators to obtain actual LTMD data at the head so as to fully implement and evaluate the developed predictor using actual LTMD data. In practice, the LTMD measurements from edge sensors might not be accurate enough to yield a good prediction of w h . Hence, the possibility of using existing heads in the tape drive to measure upstream and downstream LTMDs is also under investigation. Moreover, the correlation between successive LTMDs is likely to be a non-linear relationship. Better understanding of the equations of motion for lateral tape motion [Wickert and Brake (2007) ] will help us to determine a more accurate correlation function to predict the LTMD at the head.
